Introduction
============

Atypical Hemolytic Uremic Syndrome (aHUS) involves congenital or acquired chronic systemic alternative complement pathway dysregulation. This causes reduced host cell protection, dysfunctional complement activation of platelets and endothelial cells, inflammation, and thrombotic microangiopathy.[@b1-cpaa-3-045],[@b2-cpaa-3-045] Terminal complement inhibition with eculizumab safely reversed our patient's neurologic changes and eliminated the need for dialysis.

While the optimal duration and frequency of therapy remains to be determined (and varies in the literature), complete and sustained terminal complement inhibition has been considered necessary for adequate control of aHUS.[@b3-cpaa-3-045] Previous publications have indicated that long-term eculizumab therapy helps avoid aHUS relapse and maintenance therapy is used in current aHUS clinical trials.[@b1-cpaa-3-045]--[@b6-cpaa-3-045]

Eculizumab has been reported to be safe and effective in aHUS, a condition of chronic systemic uncontrolled complement activation.[@b4-cpaa-3-045]--[@b15-cpaa-3-045] Eculizumab is a high-affinity humanized monoclonal anti-C5 antibody that blocks terminal complement activity. Eculizumab binds to and blocks cleavage of the terminal complement protein C5 into its pro-inflammatory, prothrombotic, and lytic products: C5a and the cytotoxic membrane- attack complex C5b-9. Upstream components of complement, most notably C3b, are left intact.[@b3-cpaa-3-045],[@b7-cpaa-3-045],[@b15-cpaa-3-045],[@b16-cpaa-3-045]

While eculizumab is not yet FDA approved for aHUS, this update describes how long term eculizumab maintains and improves renal function, despite being used at doses lower than currently used in clinical trials. This update also reports the results of our patient's genetic and antibody tests, all of which were normal.

Case summary and update
=======================

A previously described 50-year-old Caucasian woman was transferred to our intensive care unit with sepsis, pancolitis, acute renal failure, and thrombocytopenia. Low complement levels were noted: C3 was 35 (83--184) mg/dL and C4 was 6 (17--59) mg/dL. ADAMTS13 activity was adequate at 63%. Stool studies were all negative (including *Escherichia coli* 0157:H7 and *Clostridium difficile*). She underwent colectomy and was confirmed to have scattered fibrin microthrombi on her bowel specimen. Her renal failure worsened and continuous venovenous hemodialysis was initiated. A rapid neurologic decline occurred after surgery. Severe renal failure, profound neurologic changes, severe hemolysis, thrombotic microangiopathy, and low complement levels were all suggestive of atypical hemolytic uremic syndrome (aHUS). By hospital day 5, there were occasional schistocytes on the peripheral smear. Since aHUS is characterized by chronic systemic uncontrolled complement activation,[@b2-cpaa-3-045] the anti-C5 monoclonal antibody eculizumab (900 mg IV) was administered on hospital day 6. It was continued weekly for four doses, followed by maintenance therapy that was gradually reduced.[@b16-cpaa-3-045]

Because eculizumab increases the risk of *Neisseria meningitidis*, the meningococcal vaccine was given prior to the first dose, and 14 days of ciprofloxacin was prescribed for meningococcal prophylaxis.[@b16-cpaa-3-045]

Her renal recovery was remarkable with eculizumab and she has remained off dialysis with long-term eculizumab treatment. Our patient's rapid and profound neurologic deterioration resulted from significant thrombotic microangiopathy. MRI showed a right parietal lobe infarction (images shown in original paper). Despite thrombotic microangiopathic brain injury, she had a swift and complete neurologic recovery with eculizumab.

The initial dosing schema used for our patient is similar to that used in the clinical trials of eculizumab in aHUS, but maintenance therapy has gradually been reduced over time to a dose lower than what is used in the trials. Maintenance therapy, starting on week 5, was planned to be 1200 mg every 2 weeks, as in the trials; however, this dose was only continued for doses five and six.[@b17-cpaa-3-045]--[@b19-cpaa-3-045] Due to nausea at the 1200 mg dose, the seventh dose was delayed by 1 day because the patient refused it, but then agreed to a reduced dose of 600 mg weekly. Her creatinine continued to improve despite the dose modification. She then remained on 600 mg weekly for nine doses with stable renal function. Her dose was subsequently reduced to 600 mg every 2 weeks and her improved renal function has been maintained despite the dose reduction. Additionally, her creatinine has continued to decrease on maintenance therapy with recent levels as low as 1.64 mg/dL (normal 0.5--1.3 mg/dL), despite maintenance dosing reduced to 600 mg every 2 weeks. [Figures 1](#f1-cpaa-3-045){ref-type="fig"}--[6](#f6-cpaa-3-045){ref-type="fig"} show treatment responses over time with respect to creatinine, C3, C4, LDH, haptoglobin, and platelets.

Discussion
==========

Maintenance eculizumab
----------------------

Several authors have described how long-term eculizumab therapy helps avoid aHUS relapse.[@b1-cpaa-3-045]--[@b6-cpaa-3-045] Mache et al describe how aHUS relapsed after discontinuation of eculizumab and resulted anuric end stage renal disease.[@b1-cpaa-3-045] They describe another patient who experienced improvement in renal function, as well as normalization of platelets and haptoglobin, within 5 days of receiving eculizumab 600 mg. Unfortunately, atypical hemolytic uremic syndrome relapsed 2 weeks after recovery of complement-mediated hemolytic activity, suggesting the need for sustained complement inhibition to prevent relapse.

Châtelet et al described a transplant patient who was on a maintenance eculizumab 1200 mg every 14 days.[@b2-cpaa-3-045] They reported that a 6-day delay in administering the ninth dose resulted in recurrent hemolysis and deterioration of transplant function. The authors consequently resumed eculizumab as permanent therapy for their patient, with recovery of renal function. Similarly, in our patient, when the seventh dose was due, laboratory investigations suggested relapsing hemolysis, with haptoglobin \<6 mg/dL, indicating her continued need for the drug.

Zuber et al mention similar cases which emphasize the importance of long-term eculizumab therapy.[@b3-cpaa-3-045] They describe two post-transplant aHUS cases in which a single dose of eculizumab resulted in long-term remission in both patients. However, in both cases relapse ultimately occurred. Relapse occurred after 11.5 months for one patient and eculizumab was resumed, resulting in a remission. The other patient relapsed after 21 months, but when eculizumab was resumed, graft loss could be not prevented. Zuber et al suggest that a single dose of eculizumab is less effective than prolonged therapy and argue that the interval between doses be no more than 14 days.[@b3-cpaa-3-045]

Genetic testing in aHUS
-----------------------

Approximately 60% of aHUS cases (familial and sporadic) have been associated with genetic mutations in complement regulatory proteins of the alternative complement pathway or auto-antibodies to the complement regulatory factor CFH.[@b19-cpaa-3-045],[@b20-cpaa-3-045] Consequently, we ordered the following genetic and antibody tests for our patient: *CFH*, *CFB*, *CFI*, *CFHR3-CFHR*1 (deletion testing), *MCP*, *THBD*, *C3*, and CFH auto-antibodies (serum test). The Complement Hemolytic assay (serum test) was also ordered. All these results were normal for our patient.

As gene sequencing is very time consuming, it can take several months for all of the genetic tests to return. In the case of our patient, all of the results were available 6 months after they were ordered. Furthermore, very few clinical laboratories do genetic testing for aHUS, but such labs may be found on the National Center for Biotechnology Information (NCBI) website: <http://www.genetests.org/>.[@b21-cpaa-3-045] Our patient's genetic tests were performed at University of Iowa, which, to our knowledge, may be the only lab in the US that does these tests.[@b22-cpaa-3-045]

Atypical HUS has been linked to the chromosome 1q32 locus containing genes for complement factor H (CFH), the plasma regulator of the alternative complement pathway, as well as for other complement regulators. Over 80 CFH mutations have been identified in aHUS patients. In familial aHUS the frequency of CFH mutations is 40%--50%. In the sporadic form, the frequency of CFH mutations is 20%.[@b19-cpaa-3-045],[@b20-cpaa-3-045] The various genetic abnormalities and antibody abnormalities currently identified in aHUS are summarized below. More information on genetic mutations in aHUS can be obtained from two comprehensive papers by Noris and Remuzzi.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

-   *CFH* regulates the alternative complement pathway (AP). In aHUS, most *CFH* mutations are heterozygous.[@b19-cpaa-3-045],[@b20-cpaa-3-045] Mutant CFH heterozygotes usually carry normal levels of CFH but 50% of the molecules are dysfunctional. Only 15%--20% of *CFH* mutations in aHUS are homozygous, resulting in quantitative CFH deficiency and very low C3 levels. [@b19-cpaa-3-045],[@b20-cpaa-3-045]

-   3%--5% of aHUS cases possess a heterozygous hybrid gene. The hybrid gene results from aberrant crossover between *CFH* and *CFHR1*, a gene located in tandem to *CFH. CFHR1* encodes complement factor H related protein (CFHR1). The gene product has decreased endothelial complement regulatory activity.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

-   Deletion testing for *CFHR1* and *CFHR3* was ordered because these gene deletions are considered a risk factor for aHUS.[@b23-cpaa-3-045]

-   Approximately 6%--10% of aHUS patients acquire anti-CFH antibodies, which emulate *CFH* mutations by binding to the *CFH* C-terminus and decreasing CFH binding to C3b and surface cofactor activity.[@b19-cpaa-3-045],[@b20-cpaa-3-045] Furthermore, some aHUS patients acquire autoantibodies to Factor H in the setting of deletions of *CFHR1* and *CFHR3*.[@b24-cpaa-3-045]

-   CFI is a plasma serine protease that regulates all three complement pathways by cleaving C3b and C4b. 4%--10% of aHUS cases involve a heterozygously mutated *CFI*. [@b19-cpaa-3-045],[@b20-cpaa-3-045] As a proteolytic enzyme, CFI prevents hemolytic and immune-adherence activities of activated, cell-bound C3.[@b22-cpaa-3-045]

-   *MCP* encodes the membrane cofactor protein (MCP), which is a cofactor for CFI to cleave C3b and C4b on cell surfaces. Around 10% of aHUS cases involve *MCP* mutations, the majority of which are heterozygous.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

-   Some patients have gain of function mutations that affect genes encoding CFB and C3, which are the AP C3 convertase components. *CFB* mutations, accounting for only 1%--2% of aHUS cases, result in chronic AP activation with low C3 level and normal C4 levels.[@b19-cpaa-3-045],[@b20-cpaa-3-045] Approximately 4%--10% of aHUS cases have heterozygously mutated *C3*, associated with reduced C3b binding to CFH and MCP, significantly hindering degradation of mutant C3b and resulting in low C3 levels.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

-   Around 5% of aHUS patients have heterozygously mutated *THBD*, resulting in inefficient inactivation of C3b. *THBD* encodes thrombomodulin that is involved in complement activation on cell surfaces.[@b19-cpaa-3-045],[@b20-cpaa-3-045] Thrombomodulin is actually a negative regulator of the complement system, which suppresses leukocyte trafficking, inflammation, and complement activation.[@b22-cpaa-3-045],[@b25-cpaa-3-045]

-   Of note, 3%--5% of aHUS patients possess combined mutations, often in *CFH* along with either *MCP* or *CFI*. Few also possess anti-CFH antibodies.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

Although genetic testing did not change the management of our patient, genetic testing in aHUS can provide the clinician with information about disease process and long-term renal transplant outcome.[@b19-cpaa-3-045],[@b20-cpaa-3-045] For example, mutations of *CFH*, *CFI*, *CFB*, and *C3* have been associated with post-transplant recurrence. This is due to the fact that the mutations give rise to abnormalities in circulating proteins that mostly come from the liver, and thus can exist even after kidney transplant.[@b19-cpaa-3-045],[@b20-cpaa-3-045]

Conclusion
==========

Six months after initial diagnosis, our patient continues to have improved renal function on maintenance doses of eculizumab as low as 600 mg every 2 weeks. This dose is much lower than what is used in the current clinical trials, suggesting that complement inhibition needs vary among patients. Clinical trials are underway to determine the optimal dosing schema.

Although genetic abnormalities in complement regulatory factors or anti-CFH antibodies have been identified in approximately 60% of cases,[@b19-cpaa-3-045],[@b20-cpaa-3-045] genetic testing did not change the management of this patient.

The authors would like to acknowledge Camille Bedrosian, MD, for her important recommendations on the treatment of aHUS.

**Disclosure**

The authors report no conflicts of interest in this work.

![Serum creatinine levels as a function of time (days).\
**Notes:** Creatinine levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal creatinine range (0.5--1.3 mg/dL) is shown as open blue circles. The days corresponding to eculizumab administration are indicated by red asterisks along the horizontal time axis, appearing on days: 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202. The start and end dates of dialyses administration are marked on the time axis of the figure by two blue open triangles, on days 4 and 26.](cpaa-3-045f1){#f1-cpaa-3-045}

![Lactate dehydrogenase as a function of time (days).\
**Notes:** Lactate dehydrogenase levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal range (108--202 U/L) is shown as open blue circles. Lactate dehydrogenase is shown as a function of time (days). Lactate dehydrogenase gradually dropped after initiating treatment with eculizumab. Eculizumab administration is denoted by vertical tick marks (days 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202). The start and end dates of dialyses administration are marked on the time axis of the figure by two blue open triangles, on days 4 and 26. Four days after the first dose, lactate dehydrogenase dropped to 837 U/L. After the second dose of eculizumab on day 13, lactate dehydrogenase dropped to 556 U/L. A week after the third dose, lactate dehydrogenase was down to 349 U/L. Three days after the sixth dose, lactate dehydrogenase was normal. It did rise slightly before the seventh dose was due.](cpaa-3-045f2){#f2-cpaa-3-045}

![Haptoglobin as a function of time (days).\
**Notes:** Haptoglobin levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal range (62--197 mg/dL) is shown as open blue circles. Eculizumab administration is denoted by vertical tick marks (days 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202). Initial haptoglobin was \<6 mg/dL (normal range 62--197 mg/dL). Five days after the third dose, haptoglobin was normal and remained normal until the time the seventh dose was due. Haptoglobin then dropped precipitously, indicating an ongoing need for the drug. Haptoglobin did increase again after the seventh dose on day 63, and later normalized to 71 mg/dL 3 days after receiving the eighth dose on day 69. The start and end dates of dialyses administration are marked on the time axis of the figure by two blue open triangles, on the days 4 and 26.](cpaa-3-045f3){#f3-cpaa-3-045}

![C3 as a function of time (days).\
**Notes:** C3 levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal range (83--184 mg/dL) is shown as open blue circles. C3 is shown as a function of time (days). Eculizumab administration is denoted by vertical tick marks (days 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202). The start and end dates of dialyses administration are marked on the time axis of the figure by two blue open triangles, on the days 4 and 26. After the second dose of eculizumab on day 13, C3 rose to 81. Thirteen days after the sixth dose, C3 was normal and remained normal.](cpaa-3-045f4){#f4-cpaa-3-045}

![C4 as a function of time (days).\
**Notes:** C4 levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal range (17 to 59 mg/dL) is shown as open blue circles. C4 is shown as a function of time (days). Eculizumab administration is denoted by vertical tick marks (days 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202). The start and end dates of dialyses administration are marked on the time axis of the figure by two blue open triangles, on days 4 and 26. The day after the second dose of eculizumab on day 13, C4 rose to 16. Three days after the sixth dose, C4 was normal and remained normal.](cpaa-3-045f5){#f5-cpaa-3-045}

![Platelets as a function of time (days).\
**Notes:** Platelet levels are marked with open red circles and the data points are connected with straight lines. For the purposes of reference, the normal range (150--450 × 10^9^/L) is shown as open blue circles. The days corresponding to eculizumab administration are indicated by red asterisks along the horizontal time axis, appearing on days: 6, 13, 20, 27, 34, 48, 63, 70, 77, 84, 91, 98, 105, 112, 119, 133, 146, 160, 174, 188, and 202. On the day of transfer, hospital day 1, the patient underwent total abdominal colectomy. During surgery, she received 2U of pooled platelets. Initial platelets before surgery were 28 × 10^9^/L. After surgery, her platelets rose, and continued to rise during the first 5 days of the admission, without additional transfusions. The rising platelets after colectomy suggested previous platelet consumption by a thrombotic microangiopathic process in the colon. After initiating eculizumab, her platelets continued to rise.](cpaa-3-045f6){#f6-cpaa-3-045}
